IAA is a plant hormone that plays important roles in regulating growth and responses to environmental changes. Indole-3-acetaldoxime (IAOx) has been proposed as an important intermediate in the biosynthesis of IAA and two other indole compounds, indole glucosinolates and camalexin. Although the IAOx-dependent IAA biosynthesis pathway has been well studied, the mechanisms of its regulation remain elusive. Here, we report the identification of a novel microRNA, miR10515, which targets SUPERROOT1 (SUR1), the gene encoding an indole glucosinolate biosynthetic enzyme. miR10515 was induced by high temperature. Overexpression of MIR10515 resulted in a high-IAA phenotype, while the loss of function of miR10515 resulted in a low-IAA phenotype; these phenotypes were more severe at high temperature. Our results further demonstrated that miR10515 promoted IAA biosynthesis via the IAOx pathway by blocking the indole glucosinolate and camalexin biosynthetic pathways. PHYTOCHROME INTERACTING FACTOR4 (PIF4), a dominant regulator of plant development in response to high temperature, was not required for miR10515 expression. These results provide information on the IAOx metabolic branching point and its biological importance.
Introduction
The phytohormone auxin controls a great variety of developmental processes that tailor plant growth and morphology to acclimate to changes in environmental conditions. IAA, the predominant naturally occurring auxin, regulates cell division, cell expansion, cell differentiation, lateral root formation and flowering (Davies 2010 , Sauer et al. 2013 . Various environmental and endogenous signals can be integrated to lead to changes in the biosynthesis and distribution of IAA. Tryptophan has been implicated as the main precursor for IAA biosynthesis in plants (Woodward and Bartel 2005, Zhao 2010 ). Since the discovery of IAA in the 1930s, tryptophan-dependent pathways have been postulated and revised. Four IAA biosynthetic pathways have been proposed: the IPA (indole-3-pyruvic acid) pathway, the IAOx (indole-3-acetaldoxime) pathway, the IAM (indole-3-acetamide) pathway and the TAM (tryptamine) pathway (Mano and Nemoto 2012, Korasick et al. 2013) (Fig. 1) . The first complete auxin biosynthesis pathway to be proposed, the IPA pathway, converts tryptophan to IAA in two steps. The first step is the conversion from tryptophan to IPA, catalyzed by the TAA family of amino transferases. The second step is the production of IAA from IPA catalyzed by the YUCCA (YUC) family of flavin monooxygenases , Stepanova et al. 2011 , Won et al. 2011 , Zhao, 2012 (Fig. 1) . In the IAM pathway, the conversion of IAM to IAA is catalyzed by AMIDASE 1 (AMI1) (Pollmann et al. 2003 , Lehmann et al. 2010 , whereas the mechanism of IAM production is unknown (Fig. 1) . In the TAM pathway, the conversion of tryptophan to TAM by tryptophan decarboxylase (TDC) has been detected in some plant species, but not in Arabidopsis (De et al. 1989 , Yamazaki et al. 2003 . To date, no enzymes that catalyze the conversion of TAM to IAA have been identified (Fig. 1) .
In this study, we focused on the IAOx pathway, in which IAOx is synthesized from tryptophan by two homologous Cyt P450 enzymes, CYP79B2 and CYP79B3 (Zhao et al. 2002 , Mikkelsen et al. 2009 (Fig. 1) . A previous study showed that cyp79B2/cyp79B3 double mutants had reduced levels of IAA and growth defects consistent with partial auxin deficiency (Zhao et al. 2002) . The phenotype of cyp79B2/cyp79B3 was more severe at high temperature, suggesting that the IAOxdependent IAA pathway plays an important role at high temperature (Zhao et al. 2002) . The details of the conversion from IAOx to IAA are unclear. At present, it is thought that there are two intermediates, IAM and indole-3-acetonitrile (IAN) (Sugawara et al. 2009 ). IAN is converted into IAA in a reaction catalyzed by nitrilases (NITs) (Normanly et al. 1997 , Pollmann et al. 2002 (Fig. 1) . It is thought that both IAN and IAOx are converted into IAM, but no enzymes catalyzing these reactions have been identified so far.
As well as being an IAA precursor, IAOx is also an intermediate in the biosynthesis of two indole defense compounds; indole glucosinolates (IGS) and camalexin (CL) (Fig. 1) . In Arabidopsis, CL is an important phytoalexin induced by pathogen attack (Møldrup et al. 2013 ). In the induced defence response, CYP71A13 and PAD3 divert IAOx to CL (Nafisi et al. 2007) . IGS are secondary metabolites involved into numerous biological interactions between cruciferous plants and their natural enemies, including pathogens (Bednarek et al. 2009 , Clay et al. 2009 , Stotz et al. 2011 . The conversion from IAOx to IGS requires a series of enzymes including SUPERROOT2 (SUR2; CYP83B1) and SUR1 (C-S lyase) (Bak et al. 2001 , Hansen et al. 2001 , Mikkelsen et al. 2004 . The loss-of-function mutants sur1 and sur2 showed high-auxin phenotypes (Boerjan et al. 1995 , Bak et al. 2001 . These findings suggested that SUR2 and SUR1 play important roles in IAOx-dependent IAA synthesis. Inactivation of SUR1 or SUR2 disrupted IGS biosynthesis and led to the accumulation of the upstream intermediate IAOx, thus enhancing IAA biosynthesis (Bak et al. 2001 , Sugawara et al. 2009 ). The exact mechanism by which IAOx-derived IAA production is regulated remains unclear.
MicroRNAs (miRNAs) are a class of 21-24 nucleotide (nt) long non-coding small RNAs matured from hairpin precursors. miRNAs recognize target RNAs by base complementarity, and regulate their expression via inducing DNA methylation, mRNA cleavage and repression of translation (Brodersen et al. 2008 , Mallory and Bouché 2008 , Wu et al. 2010 . These small RNAs are involved in almost all events in plant growth and development, and also mediate responses to abiotic stresses including drought, temperature, salinity and nutrient deficiency (Wang et al. 2012 , Feng et al. 2013 , Ni et al. 2013 , He et al. 2014 , and to biotic stresses including bacteria and viruses (Fagard et al. 2007 , Brotman et al. 2012 .
In plants, due to the high complementarity between miRNAs and their targets, a large number of potential miRNA genes have been predicted. In Arabidopsis, approximately 1,200 miRNA candidate genes have been identified (Lindow et al. 2007 ); however, only nearly 300 miRNAs have been annotated as listed in miRBase (http://www.mirbase.org/). Verification of these predicted miRNAs is of great importance and urgency. Here, we report the identification of a novel miRNA, miR10515, which targets the glucosinolate biosynthetic gene SUR1, which was predicted by Lindow and Krogh (2005) . Overexpression of MIR10515 resulted in high-auxin phenotypes including a defective apical hook, a longer hypocotyl and earlier flowering. The repression of SUR1 in the MIR10515-overexpressing line decreased the glucosinolate content. In contrast, the loss-of-function mutant mir10515 showed low-auxin phenotypes including an enhanced apical hook and delayed flowering. Quantitative reverse transcription-PCR (qRT-PCR) analyses suggested that these altered auxin phenotypes were dependent on IAOx-mediated IAA production. In addition, we further demonstrated that MIR10515 expression is induced by high temperature, and the loss-of-function mutant mir10515 showed a more severe phenotype at 30 C than at 23 C. PHYTOCHROME INTERACTING FACTOR4 (PIF4) is a dominant regulator of plant development in response to high temperature. PIF4 directly stimulates IAA biosynthesis by binding to the promoters of genes involved in the IAOx and IPA pathways, including CYP79B2, TAA1 and YUC8 (Franklin et al. 2011 . Although the phenotype of mir10515 (delayed flowering and impaired hypocotyl elongation at high temperature) partially resembled that of pif4 (Koini et al. 2009 ), our results suggested that MIR10515 expression is independent of PIF4.
Most miRNAs target important regulatory factors of plant growth and development, miRNAs targeting biosynthetic genes in secondary metabolism have seldom been reported. In this work, we identified a high-temperature-induced miRNA, miR10515, which triggers IAA production via an IAOx-dependent biosynthetic pathway by repressing glucosinolate production. At the branch point between IGS biosynthesis and IAA production, miR10515 tunes secondary metabolism to primary metabolism during acclimation to increased temperature. This mechanism provides an important advance in understanding how plants respond to changes in ambient temperature.
Results

Identification of miR10515
It is relatively easy to predict plant miRNAs because of the high complementarity between these miRNAs and their targets. Lindow and Krogh (2005) developed a method to predict plant miRNAs by using targets for known miRNAs as positive controls and filtering all segments of the genome with a length of 20 nt that are complementary to a target mRNA transcript. The miRNA in this study was a candidate miRNA in Lindow and Krogh's predictions (Lindow and Krogh 2005) . This predicted miRNA (named miR10515) is 21 nt long, and is located in the Supplementary Fig. S1 .
To verify the predicted miR10515, we tried to detect its expression. We could not detect miR10515 in a normal Northern blot analysis, possibly because of its low abundance. The more sensitive stem-loop RT-PCR method, which is specific for the detection of mature miRNAs (Chen et al. 2005) , successfully amplified the expected small RNA fragment ( Fig.  2A) . We confirmed the presence of mature miR10515 using a modified Northern blot with a locked nucleic acid (LNA) probe, which is much more sensitive than a traditional DNA probe (Várallyay et al. 2008) (Fig. 2B) . These results demonstrated that this predicted 21 nt miRNA is expressed in Arabidopsis, but at a low level. The expression of the putative stem-loop precursor of miR10515 was detected by RT-PCR (Fig. 2C) .
Since biogenesis from a specific stem-loop is the sole criterion that is necessary and sufficient for plant miRNA annotation (Meyers et al. 2008) , we needed to confirm that the detected small RNA was processed from a stem-loop precursor. BLAST analyses showed that both the mature miR10515 and the stem-loop sequence were unique in the Arabidopsis genome, excluding the possibility that miR10515 was derived from heterogeneous positions. Thus, we concluded that the candidate miR10515 is a genuine miRNA.
SUR1 is the target of miR10515 SUR1, which encodes an IGS biosynthetic enzyme, was predicted to be the unique target of miR10515 (Lindow and Krogh 2005) . Since plant miRNAs regulate their targets through cleaving target mRNAs (Mallory and Bouché 2008) , 5 0 -RACE (rapid amplification of cDNA ends) can be used to detect the cleavage products. Fragments of SUR1 containing the 5 0 sequence with the miR10515 cleavage point were detected. Out of 10 detected fragments, seven had the 5 0 sequence with the exact predicted cleavage point between the 10th and 11th nucleotides of miR10515 (Fig. 2D) .
To confirm further that miR10515 targets SUR1, we generated overexpression (35S:MIR10515) and knock-down (mir10515) mutants of miR10515. The knock-down mutant was obtained by the STTM (short tandem target mimic) method (Tang et al. 2012) . A fragment, STTM10515 (short tandem target mimic of miR10515), comprising two short sequences mimicking the miR10515-binding site linked by a spacer was cloned downstream of the Cauliflower mosaic virus (CaMV) 35S promoter and transformed into Arabidopsis. Segregants from 35S:MIR10515 and mir10515 lines were genotyped and the homozygotes were selected for qRT-PCR analysis. In 35S:MIR10515, the level of miR10515 was significantly increased and, consistently, the transcript abundance of SUR1 was significantly decreased, compared with those in the wild type (Fig. 2E ). In mir10515, the level of miR10515 was significantly lower than that in the wild type, and the transcript abundance of SUR1 was significantly increased. Lindow and Krogh (2005) searched for potential targets of miR10515 in the Arabidopsis genome, and identified SUR1 as the sole target. Their results and the results of the present study confirmed that SUR1 is the exclusive target of miR10515.
MIR10515 is induced by high temperature
Both Northern blotting and RT-PCR analyses indicated that the abundance of miR10515 was very low, suggesting that it 0 -RACE experiment were analyzed; seven were consistent with the predicted cleavage position (black arrow) and three were not (gray arrows). (E) Expression of miR10515 and SUR1 in wild-type and transgenic plants. RNA was isolated from 1-week-old seedlings. Quantitative RT-PCR analysis was performed with three biological replicates, each of which consisted of three technical replicates. Error bars represent the SD (n 3). An asterisk indicates a significant difference from the corresponding wild-type value (Student's t-test; P < 0.05). might have specific spatial or temporal expression patterns. To identify the expression pattern of miR10515 and its target, we generated transgenic plants carrying constructs with the GUS (-glucuronidase) reporter gene driven by the MIR10515 promoter (P MIR10515 :GUS) or the SUR1 promoter (P SUR1 :GUS). In both P SUR1 :GUS and P MIR10515 :GUS, GUS signals were detected mainly in the vascular tissue in hypocotyls, rosette leaves and cauline leaves (Fig. 3A-F) , an expression pattern similar to those of other glucosinolate biosynthetic genes (Li et al. 2011) .
SUR1 catalyzes the biosynthesis of IGS from IAOx ( Fig. 1) . Previous studies showed that a defective SUR1 led to the accumulation of IAOx and enhanced IAA production (Boerjan et al. 1995 , Mikkelsen et al. 2004 , Sugawara et al. 2009 ). Thus, miR10515 might be involved in regulating IAOx-dependent IAA production by repressing SUR1. The IAOx-derived IAA-defective mutant cyp79b2/cyp79b3 showed more severe developmental disruption at high temperature (Zhao et al. 2002) , indicating an important role for the IAOx pathway at high temperature. Thus, we hypothesized that miR10515 is induced by high temperature. When P MIR10515 :GUS plants were subjected to 30
C for 48 h, the GUS signal was significantly enhanced (Fig. 3G) . Consistently, the abundance of miR10515 increased by almost five times and the transcript level of SUR1 decreased by half (Fig. 3H) under the high-temperature C then subjected to 30 C for 48 h were used for RNA isolation and qRT-PCR. Error bars represent the SD (n 3). An asterisk indicates a significant difference from the corresponding value for plants grown at 23 C (P < 0.05).
treatment. Based on these results, we concluded that miR10515 expression is induced by high temperature.
35S:MIR10515 and mir10515 showed auxin-related phenotypes
To explore the potential roles of miR10515, we analyzed the phenotypes of 35S:MIR10515 and mir10515 at 23 and 30 C. When grown in darkness at 23 C, 35S:MIR10515 showed a more open apical hook than the wild type, similar to that of sur1 (Boerjan et al. 1995) . In contrast, mir10515 showed an enhanced apical hook (Fig. 4A, D) . When grown at 30 C, apical hooks did not form in either the wild type or 35S:MIR10515, but did form in mir10515 (Fig. 4A, D) . At 23 C, light-grown seedlings of 35S:MIR10515 formed a longer hypocotyl than the wild type (Fig. 4B, E) . However, the hypocotyl length of mir10515 was similar to that of the wild type. At 30 C, wild-type, 35S:MIR10515 and mir10515 plants all displayed leaf hyponasty and hypocotyl elongation, which are typical phenotypes at high temperature (Fig. 4B, E) . Compared with mir10515 seedlings grown at 23 C, mir10515 seedlings grown at 30 C showed more severe phenotypes, including weaker hypocotyl elongation, smaller rosette leaves and shorter petioles, and suppressed primary root development (Fig. 4B, E) . In a previous study, epinastic leaves and excessive lateral roots were observed in sur1 (Boerjan, et al. 1995) . However, in our experiments, only a few 35S:MIR10515 lines showed a similar phenotype ( Supplementary Fig. S2 ).
Three-week-old plants of wild-type, 35S:MIR10515 and mir10515 were placed in 23 and 30 C growing chambers. The flowering condition was observed when mir10515 grown at 30 C started bolting. At 23 C, 35S:MIR10515 plants flowered 3-4 d earlier than wild-type plants, while mir10515 plants flowered 3-4 d later than wild-type plants (Fig. 4C) . At 30 C, the delayed-flowering phenotype of mir10515 was more severe; it flowered 6-7 d later than the wild type (Fig. 4C) . C. (E) Statistics analysis of hypocotyl length of 7-day-old seedlings. 23 C, 7-day-old seedlings were grown at 23 C; 30 C, seedlings were grown at 23 C for 5 d then at 30 C for 48 h. Hypocotyl length and the angle between the hypocotyl axis and cotyledon axis were measured using NIH Image software (NIH; http://rsb.info.nih.gov/ij). Hypocotyl length measurements were calibrated to a 1 mm scale. Error bars show the SD (n > 3). An asterisk indicates a significant difference from corresponding value of plants grown at 23 C (P < 0.05).
35S:MIR10515 plants showed a longer hypocotyl, which is a typical high-auxin phenotype. The phenotype of mir10515 plants grown at 23 C was similar to that of wild-type plants, but those grown at 30 C showed an auxin-defective phenotype characterized by decreased hypocotyl elongation, smaller rosette leaves and shorter petioles. Other auxin-related phenotypes were the more open apical hook and accelerated flowering of 35S:MIR10515 and the enhanced apical hook and delayed flowering of mir10515. These results suggested that miR10515 possibly promotes auxin production by suppressing SUR1, and that miR10515 plays an important role at high temperature.
miR10515 triggered IAOx-dependent IAA biosynthesis
To determine whether the phenotypes of 35S:MIR10515 and mir10515 resulted from the altered IAA level, the IAA content in 35S:MIR10515 and mir10515 was determined. Compared with the wild type, the levels of IAA significantly increased in 35S:MIR10515 and decreased in mir10515 (Fig. 5) . Consistent with this, three IAA-responsive genes, SAUR12 (Small Auxin Responsive 12), SAUR36 (Small Auxin Responsive 36) (Kwon et al. 2013) and FT (FLOWERING LOCUS T) (Kumar et al. 2012) , showed increased transcript levels in 35S:MIR10515, while SAUR12 and FT showed decreased transcript levels in mir10515 (Fig. 6A) . All of these results suggested that overexpression of MIR10515 promoted IAA accumulation whereas defective miR10515 repressed IAA accumulation.
SUR1 encodes C-S lyase, which catalyzes the biosynthesis of IGS from IAOx (Fig. 1) . In previous studies, a defect in SUR1 led to the accumulation of IAOx and enhanced IAA production (Boerjan et al. 1995 , Mikkelsen et al. 2004 , Sugawara et al. 2009 ). Thus, the high-auxin phenotype of 35S:MIR10515 should be related to IAOx-dependent IAA production. Also, the phenotypes of mir10515 at 30 C, including shorter hypocotyls, smaller rosette leaves and shorter petioles, were similar to those of the IAOx-derived IAA-defective mutant cyp79b2/cyp79b3, suggesting that the low-auxin phenotype of mir10515 may also depend on the IAOx pathway.
To determine whether the altered IAA accumulation in 35S:MIR10515 and mir10515 was dependent on IAOx, we analyzed the transcript levels of the IAOx pathway genes CYP79B2, CYP79B3, CYP71A13 and NIT2. The transcript levels of CYP79B2, CYP79B3 and CYP71A13 were not significantly different among the wild type, 35S:MIR10515 and mir10515 (Fig. 6B, D) . Notably, the transcript level of NIT2, which encodes the enzyme that catalyzes the conversion of IAN into IAA, was approximately 30 times higher in 35S:MIR10515 and approximately five times lower in mir10515 compared with that in the wild type (Fig. 6B) . This result indicated that there were significant changes in the IAOx-dependent IAA biosynthesis pathway in 35S:MIR10515 and mir10515.
To identify whether altered IAA production in 35S:MIR10515 and mir10515 was exclusively dependent on the IAOx pathway, we analyzed the transcript levels of the IPA-and IAM-dependent IAA biosynthesis genes YUC8 and AMI1. The transcript level of YUC8 was not increased in 35S:MIR10515, indicating that the IPA pathway did not contribute to the increased IAA level in 35S:MIR10515 (Fig. 6C ). Consistently, the transcript level of YUC8 was not decreased in mir10515, indicating that the lower IAA level was independent of the IPA pathway. The transcript levels of AMI1 in both 35S:MIR10515 and mir10515 were similar to that in the wild type (Fig. 6C) , suggesting that the IAM pathway possibly did not affect IAA production in the MIR10515 mutants.
The production of IGS and CL consumes IAOx. Therefore, we determined whether IAOx-dependent IAA biosynthesis was affected by IGS and/or CL production by analyzing the transcript levels of the IGS biosynthetic gene SUR2 and the CL pathway genes CYP71A13 and PAD3. In 35S:MIR10515, SUR2 and PAD3 transcript levels were significantly decreased, indicating that IAOx flux to IGS and CL was largely blocked (Fig. 6D) . In mir10515, all three genes showed similar transcript levels to those in the wild type (Fig. 6D) . Taken together, our data suggested that MIR10515 may regulate auxin homeostasis by repressing SUR1 to promote IAOx-dependent IAA biosynthesis (Fig. 1). miR10515 repressed glucosinolate synthesis miR10515 targets SUR1, which catalyzes the biosynthesis of both IGS and aliphatic glucosinolate (AGS). Hence, we expected that mutation of miR10515 would affect IGS and AGS contents. We analyzed the IGS and AGS contents in 35S:MIR10515 and mir10515 plants grown at 23 C and 30 C. In plants grown at 23 C, the IGS and AGS contents were lower in 35S:MIR10515 than in the wild type (Fig. 7) , suggesting that miR10515 repressed glucosinolate synthesis. However, the IGS and AGS contents in mir10515 plants grown at 23 C were similar to those in the wild type (Fig. 7) , possibly because SUR1 is not the ratelimiting enzyme in glucosinolate biosynthesis (Mikkelsen et al. 2009 ). At 30 C, both wild-type and 35S:MIR10515 plants showed a high-temperature-induced decrease in GS contents, while in mir10515, the high-temperature induced decrease in GS was abolished (Fig. 7) . Combined with the finding that miR10515 is induced by high temperature, our data suggested that under high temperature, miR10515 inhibits glucosinolate biosynthesis by repressing SUR1. PIF4 is not required for MIR10515 expression PIF4 dominantly regulates the biological response to high temperature by directly promoting the expression of genes in the IAOx and the IPA biosynthetic pathways (Koini et al. 2009 , Franklin et al. 2011 , Proveniers and Zanten 2013 . In our study, miR10515 was induced by high temperature, and the phenotype of mir10515 (delayed flowering, impaired high temperature-induced hypocotyl elongation) was similar to, but less severe than, that of pif4 (Koini et al. 2009 ). Therefore, we wondered whether MIR10515 expression was dependent on PIF4. We quantified miR10515 and SUR1 transcript levels in the wild type, 35S:PIF4 and pif4. The transcript levels of miR10515 and SUR1 in 35S:PIF4 were not significantly different from those in the wild type (Fig. 8) , indicating that PIF4 did not affect miR10515 expression. Interestingly, there was an increased level of miR10515 in pif4, consistent with the decreased transcript level of SUR1 (Fig. 8) .
This result suggested that PIF4 was not required for MIR10515 expression, and that miR10515 may compensate for the defect in PIF4.
Discussion
In Arabidopsis, IAOx is a common intermediate in the biosynthesis of IAA, IGS and CL. Thus, it is the key branching point between primary and secondary metabolism (Bak et al. 2001 , Nafisi et al. 2007 , Mikkelsen et al. 2009 ). The metabolism of IAOx is essential in many aspects of plant growth and development, as well as in the resistance response to biological stresses (Clay et al. 2009 ). Whereas the biological importance of IAOx is well known, the metabolic network around IAOx and its regulation remain unclear. In this study, we identified a novel miRNA (miR10515) that targets SUR1, which encodes an important IGS biosynthetic enzyme. miR10515 triggers IAA Fig. 6 Transcript levels of genes related to biosynthesis of IAA-and IAOx-derived secondary metabolites in 35S:MIR10515 and mir10515. Transcript levels of the following genes were determined by qRT-PCR: (A) IAA-responsive marker genes SAUR12, SAUR36 and FT; (B) the IAOx-dependent IAA biosynthesis pathway genes CYP79B2, CYP79B3 and NIT2; (C) IPA-and TAM-dependent IAA biosynthesis pathway genes YUCCA8 and AMI1; (D) IGS and CL biosynthesis genes SUR2, CYP71A13 and PAD3. Three-week-old plants of the wild type, 35S:MIR10515 and mir10515 were used for RNA isolation and qRT-PCR. Error bars show the SD (n 3). Asterisks indicate a significant difference from the corresponding value in the wild type (Student's t-test; P < 0.05). production by repressing SUR1, which blocks the IGS biosynthetic pathway and leads to the accumulation of IAOx. We further discovered that miR10515 is induced by high temperature and plays an important role in adaptation to increased temperatures in the environment.
Identification of miR10515 in Arabidopsis
Computational predictions have revealed a huge number of potential miRNAs in plants. Using an intragenomic matching method, 1,200 miRNA candidate genes were identified in Arabidopsis (Lindow and Krogh 2005) . However, based on data in miRBase, only 298 genes encoding miRNAs have been annotated in Arabidopsis (http://www.mirbase.org/). It is very important to validate these predicted miRNAs experimentally.
In this study, we validated the predicted miRNA miR10515 by Northern blotting and stem-loop RT-PCR analyses. Both the mature miRNA and the stem-loop structure precursor were detected in Arabidopsis seedlings. BLAST analyses showed that the mature miR10515 and the stem-loop sequence were unique in the Arabidopsis genome, confirming that the detected miRNA was derived from the stem-loop precursor, which fits the criterion for plant miRNA annotation. Conservation used to be considered as an important indicator for miRNAs, but was shown to be unnecessary for annotation as an miRNA. Of the 300 miRNA genes identified in Arabidopsis, approximately 100 are conserved across plant species (http:// www.mirbase.org/). Generally, a conserved miRNA family contains more than one member. Our analyses indicated that miR10515 has no readily detected homologs outside of Arabidopsis and that it belongs to a single-member gene family; thus, it is not widely conserved. No homologs of CYP79B (i.e. enzymes catalyzing the conversion from tryptophan to IAOx) have been identified outside of the five IGSproducing families in the Capparales (Griffiths et al. 2001) , suggesting that IAOx-dependent IAA biosynthesis is uncommon (Zhao et al. 2002) . We aligned the mature miR10515 with sequences of SUR1 orthologs from other members of the Capparales that were available in the NCBI database (http:// www.ncbi.nlm.nih.gov/; Gao et al. 2014) . We found potential miRNA-target pairs in Brassica rapa, Brassica oleracea and Capsella rubella, indicating that there may be some conservation of miR10515.
Phenotype of miR10515 overexpressor partially resembles that of sur1
Since miRNAs function by repressing their targets, the overexpression of a miRNA usually results in a phenotype that resembles the loss-of-function mutant of the target gene(s). Although both 35S:MIR10515 and sur1 showed high-auxin phenotypes, they were not completely identical. Compared with the wild type, sur1 produced excess adventitious and lateral roots, longer hypocotyls and epinastic leaves, and it lacked an apical hook (Boerjan et al. 1995) . sur1 produced no inflorescences and could not survive. Like sur1, 35S:MIR10515 showed a high-auxin phenotype with an elongated hypocotyl and a more open apical hook. However, 35S:MIR10515 developed normal inflorescences, flowered earlier than the wild type and only a few lines formed epinastic leaves. The difference in phenotypes between sur1 and 35S:MIR10515 may be because of the different expression levels of SUR1. In 35S:MIR10515, SUR1 was repressed at the post-transcriptional level but was still transcribed; in sur1, SUR1 was completely knocked out. Therefore, the IAA content should be higher in sur1 than in 35S:MIR10515. It is possible that the high concentration of IAA in sur1 inhibited the normal development of above-ground parts and promoted lateral root production. Because of the relatively smaller increase in IAA concentration in 35S:MIR10515 than in sur1, it is possible that IAA did not reach an inhibitory concentration and so it promoted the growth of above-ground parts, while the increased IAA content C; 30 C, 3-week-old plants grown at 23 C and then at 30 C for 48 h. Bars show the SD (n 3). An asterisk indicates a significant difference from corresponding wild-type value (Student's t-test; P < 0.05). Fig. 8 Transcript levels of miR10515 and SUR1 in 35S:PIF4 and pif4. Three-week-old wild-type, 35S:PIF4 and pif4 plants were used for RNA isolation and qRT-PCR. Error bars show the SD (n 3). An asterisk indicates a significant difference from the corresponding wild-type value (Student's t-test; P < 0.05).
in root was below the threshold to promote root growth. These results suggested that SUR1-mediated IAA production is quite sensitive, and that even small differences in SUR1 transcript levels have different physiological effects. miR10515 funnels IAOx flux from IGS biosynthesis to IAA production at high temperature SUR1 encodes the C-S lyase that functions in IGS biosynthesis (Mikkelsen et al. 2004) . In sur1, the concentrations of both IAOx and IAA were significantly increased, suggesting that the highauxin phenotype of sur1 resulted from IAOx-mediated IAA production (Sugawara et al. 2009 ). Consistently, 35S:MIR10515 showed a high-auxin phenotype and an increased transcript level of the IAOx-dependent IAA biosynthetic gene, while mir10515 showed a low-auxin phenotype and a decreased transcript level of the IAOx pathway gene. Given that miR10515 is induced by high temperature, we deduced that miR10515 funnels IAOx flux from IGS biosynthesis to IAA production by repressing SUR1. Therefore, miR10515 tunes secondary metabolism to primary metabolism during acclimation to increased temperature.
Since IAOx is the common precursor of IGS (Bak et al. 2001 ), CL (Nafisi et al. 2007 ) and IAA (Sugawara et al. 2009 ), it represents a special branching point at which the direction of IAOx flux leads to alternative metabolic pathways. Small RNAs may be important in controlling the direction of the flux at such branching points. For example, miR393 was shown to re-direct secondary metabolite biosynthesis towards glucosinolates and away from CL, consequently turning the defense pathway towards biotroph resistance and away from necrotroph resistance (Robert-Seilaniantz et al. 2011) .
Along with the results of previous studies, the results of this study suggest that as an important metabolic switch, IAOx can be channeled to the production of IAA, IGS or CL, triggering the relevant metabolic pathway to optimize fitness in a changing environment.
miR10515-mediated IAA regulation is independent of PIF4 PIF4 dominantly mediates morphological acclimation to high temperature through binding to the promoters of genes in the IAOx pathway (CYP79B2) and the YUC pathway (TAA and YUC8), thus directly stimulating IAA biosynthesis (Franklin et al. 2011 . Our results showed that miR10515 was induced by high temperature, and the phenotype of the miR10515 mutation was similar to, but less severe than, that of pif4. Thus, we deduced that the expression of miR10515 may be dependent on PIF4. Unexpectedly, the transcript level of miR10515 was not increased in 35S:PIF4, nor was it decreased in pif4, compared with that in the wild type. These findings indicated that PIF4 is not required for MIR10515 expression.
High temperature was shown to promote hypocotyl elongation and enhance FT expression to accelerate flowering (Kumar et al. 2012) . In wild-type plants, the hypocotyl of plants grown at 28
C was approximately seven times longer than that of plants grown at 20 C. In pif4, high-temperature-induced hypocotyl elongation was largely repressed, but the hypocotyl of plants grown at 28 C was still about twice as long as that of plants grown at 20 C (Franklin et al. 2011 ). Consistently, the transcript level of FT was approximately 10 times higher in plants grown at 27 C than in those grown at 22 C. In pif4, the thermal induction of FT expression was largely impaired, but the expression level of FT was still about four times higher at 27 C than at 22 C (Kumar et al. 2012 ). These results suggested that miR10515 might be involved in PIF4-independent regulation of acclimation to high temperature.
Previous studies have shown that miR10515-mediated IAA biosynthesis is limited within the IAOx pathway, while PIF4 regulates IAA production through IPA and IAOx pathways and can also directly activate some IAA-responsive genes (Franklin et al. 2011 , Kumar et al. 2012 . Therefore, PIF4 plays a dominant role in IAA-mediated morphological acclimation to high temperature. However, the altered root development phenotype has seldom been described in PIF4 mutants. The excess adventitious roots in sur1 and the abolished root development in mir10515 grown at 30 C indicated that miR10515-mediated IAA biosynthesis plays a dominant role in root development, especially at high temperature.
In summary, we identified a novel miRNA, miR10515, which triggers IAOx-dependent IAA biosynthesis by repressing the expression of SUR1, and plays an important role in high temperature acclimation. Our results showed that miR10515-mediated IAA homeostasis is independent of PIF4, the dominant regulator of high-temperature acclimation. A knowledge of the mechanism of miR10515 regulation is an important advance in understanding how plants respond to changes in ambient temperature.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild-type plant in this study. The pif4 mutant (SALK_140393C) was obtained from the Arabidopsis Biological Resource Center (ABRC, https://abrc.osu.edu/) and identified by RT-PCR ( Supplementary Fig. S3 ). We used two independent pif4 lines. Plants were grown in a growth chamber at 23 C, with light at 100 mmol photons m -2 s -1 , 60% relative humidity and a 16 h light/8 h dark photoperiod.
Northern blotting
We used 7-day-old seedlings for Northern blotting analyses. Small RNAs were isolated with a mirVana miRNA isolation kit (Ambion). A 50 mg sample of small RNAs was subjected to electrophoresis on a denaturing polyacrylamide gel (8 M urea/15% acrylamide). RNA was transferred to a Hybond N + membrane (Amersham Pharmacia) and hybridized with the LNA probe (Supplementary Table S1 ) (Várallyay et al. 2008) . Hybridizations were carried out at 40 C using ULTRA hyb-Oligo hybridization buffer (Ambion), and blots were washed as described by the manufacturer. The antisense sequence of miR10515 was used as the probe.
5
0 -RACE A modified 5 0 -RACE procedure was performed as described previously (Llave et al. 2002) . Total RNA was prepared from 7-day-old seedlings using TRIzol reagent (Invitrogen). The RNA oligo-adaptor was ligated using T4 RNA ligase. The SUR1-specific reverse transcription primer was used to synthesize the first-strand cDNA with the SupermoIII RT kit (Bioteke). Two Gene Racer 5 0 primers (RACE-FP1 and RACE-FP2) and two gene-specific 3 0 primers (RACE-RP1 and RACE-RP2) ( Supplementary Table S1 ) were used for nested PCR. The PCR products were sequenced to identify the cleavage site.
Generation of constructs and transgenic plants
To generate the 35S:MIR10515 construct, a 118 bp fragment of pre-miR10515 including the stem-loop structure was amplified from genomic DNA with the primer pair pre-miR10515-FP and pre-miR10515-RP. The PCR product was then cloned downstream of the CaMV35S promoter into the vector pCAMBIA2300 using the USER method as previously described (Nour-Eldin et al. 2006) The STTM method described by Tang et al. (2012) was used to knock out or knock down MIR10515 gene expression. A 131 bp fragment STTM10515 (Supplementary Table S1 ) comprising two short sequences mimicking the miR10515-binding site linked by a 48 bp spacer was synthesized and amplified with the primer pair STTM-FP and STTM-RP. The PCR product was then cloned downstream of the CaMV35S promoter into the vector pCAMBIA2300 with the USER method as previously described (Nour-Eldin et al. 2006) To generate construct P SUR1 :GUS, a 2 kb fragment containing the putative SUR1 promoter was PCR-amplified from genomic DNA with the primers P SUR 1-FP and P SUR1 -RP (Supplementary Table S1 ). To determine the promoter sequence of MIR10515, we designed five forward primers (FP1, FP2, FP3, FP4 and FP5) and a reverse primer (RP), which were upstream of the stem-loop and located 200 bp from each other (Supplementary Fig. S4A ; Supplementary Table S1 ). In RT-PCR analyses, the RP combined with all of the forward primers except for FP5 could amplify PCR products ( Supplementary Fig. S4B ), suggesting that the transcription start point was between FP5 and FP4. Thus, the 2 kb upstream region FP4 was considered to be the MIR10515 promoter and was analyzed in Plant Care (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). Promoter elements were found in the 500 bp region upstream from FP4, but no obvious promoter elements were found outside of this region, indicating that the selected 2 kb sequence was long enough to detect MIR10515 promoter activity. The MIR10515 promoter was amplified with the primers P MIR10515 -FP and P MIR10515 -RP. The promoters of MIR10515 and SUR1 were respectively cloned upstream of the GUS gene in pCAMBIA3300 using the USER method as previously described (Nour-Eldin et al. 2006) To generate construct 35S:PIF4, the coding sequence (CDS) of PIF4 was cloned from Arabidopsis with the primers PIF4-FP and PIF4-RP (Supplementary Table S1 ). The PCR product was then cloned downstream of the CaMV35S promoter into the vector pCAMBIA2300 using the USER method as previously described (Nour-Eldin et al. 2006) Using Agrobacterium-mediated transformation, all the constructs were transformed into Arabidopsis using the floral dip method (Clough and Bent 1998) . For all of the transgenic plants, three independent homozygous lines were isolated and analysed.
Phenotype analysis
To observe the apical hook, the seeds were grown vertically on 1/2 Murashige and Skoog (MS) agar medium for 5 d in darkness at 23 and 30 C. The high temperature treatment (30 C) was applied to 5-day-old seedlings for 48 h. Hypocotyl length was recorded for 7-day-old seedlings. We measured hypocotyl length and the angle between the hypocotyl axis and cotyledon axis using NIH Image software (NIH; http://rsb.info.nih.gov/ij). Hypocotyl length and apical hook angle were measured for 15 seedlings that germinated at the same time. The hypocotyl length measurements were calibrated to a 1 mm scale. To observe flowering time, 3-week-old plants grown at 23 C were placed in 23 and 30 C growing chambers. Pictures were taken when mir10515 plants started bolting. Each experiment was repeated at least three times.
Gene expression analysis
Mature miR10515 was detected by stem-loop real-time RT-PCR as described by Chen et al. (2005) . Total RNA was isolated from 7-day seedlings and reverse transcribed using the miR10515 stem-loop reverse transcription primer. qRT-PCR using the primer pair miR10515-FP and miR10515-RP was performed using SYBR Green Master Mix on an ABI 7500 sequence detection system. To detect MIR10515 expression, RT-PCR was performed with the primers Pre-miR10515-FP and Pre-miR10515-RP using total cDNA from 1-week-old wild-type Arabidopsis seedlings as the template. To detect the expression levels of IAA biosynthetic genes, total RNA was isolated from leaves of 3-week-old plants using TRIzol reagent (Invitrogen). First-strand cDNA was synthesized using the SupermoIII RT kit (Bioteke). qRT-PCR analyses were performed using SYBR Green Master Mix on an ABI 7500 sequence detection system. Relative transcript levels were normalized using ACTIN II as a control. Primer sequences are listed in Supplementary Table S1 .
IAA analyses
IAA was extracted and purified from 3-week-old plant leaves, and analyzed by gas chromatography-mass spectrometry as described (Edlund et al. 1995) , except that an Agilent 7890/7000 gas chromatograph-mass spectrometer was used, with the separation performed on a DB-5ms column (Agilent, http://www.agilent.com). The internal standard [phenyl-13 C 6 ] IAA was purchased from Cambridge Isotope Laboratories (http://www.isotope.com).
Glucosinolate analysis
Leaves of 4-week-old plants were harvested, and glucosinolate extraction and HPLC analysis were performed as previously described (Hansen et al. 2007 ).
Detection of GUS activity
Plant samples were incubated in 1.5 ml of GUS staining solution [1 mg ml -1 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid (X-gluc, Sigma), 1 mM potassium ferricyanide, 0.1% Triton X-100, 0.1 M sodium phosphate buffer, pH 7.0 and 10 mM EDTA] in the dark at 37 C until a blue-indigo color appeared, and then cleared with 75% ethanol to remove Chls.
Supplementary data
Supplementary data are available at PCP online. 
